Introduction
Estimation of the interchange of mass, momentum, and energy between the atmosphere and the earth's surface is one of the key issues in climate studies and meteorology. Usually, this problem is addressed by calculating surface fluxes from profiles or vertical differences of mean flow quantities, either measured or computed by a model. In most cases, this task is done using the "profile method" or the "bulk surface layer parameterization" (see, e.g., Berkowicz and Prahm 1982) which exploits the integral form of the fluxgradient relationships of the surface layer similarity theory (SLST) founded by Monin and Obukhov (1954) .
Although the SLST-based algorithms proved reliable and became standard methods in modeling and data analysis, there are some special situations in which they fail or pose problems of a more fundamental nature. One of the outstanding problems is the treatment of the near-zero mean wind, statically unstable conditions. In spite of extensive experimental and theoretical research in boundary layer turbulence and convection, the coverage of this problem remains relatively limited when compared to the gross number of studies devoted to the atmospheric surface layer (ASL) parameterization. In the recent decade, intense climate anomalies have spawned vigorous interest in climate studies worldwide; then, airsea energy exchange in the "warm pool" of the Western Pacific, frequented by weak-wind, fair-weather conditions came into focus as one of the key problems in modeling and forecasting the El Niño phenomenon. In parallel, the ongoing increase of the resolution of numerical weather prediction models has invited refined boundary layer schemes, raising demands on their robustness and generality. The issue of calculation of surface fluxes under weak wind or calm, convective conditions is now enjoying much attention.
To discuss surface layer parameterization issues, we begin with the original formulation of SLST by Monin and Obukhov (1954) . This theory relies on describing the wind speed and temperature variability as well as other turbulence properties in the ASL, with velocity and temperature scales, In the above, u, and w denote horizontal downwind (mean-wind oriented) and vertical components of the velocity fluctuation in a turbulent field, respectively; ϑ is the fluctuation of the potential temperature; the overbar represents Reynolds (ensemble) averaging; and uw and wϑ Ü the single-point covariances of individual fields, represent kinematic (density and thermal capacity normalized) vertical turbulent fluxes of momentum and sensible heat, respectively. These scales are formed from values of fluxes at the surface. The velocity scale u * is commonly called the friction velocity. The SLST predicted, on a basis of dimensional analysis and similarity reasoning, that in the ASL (assuming stationarity and horizontal homogeneity and neglecting the flux divergence and vertical changes of wind direction), dimensionless (scaled with height and a scale of an appropriate quantity) vertical gradients of the mean (in terms of Reynolds averaging) wind speed U and the mean potential temperature θ would be unique functions of a single parameter ζ = z/L, representing the height z scaled with the so-called Monin-Obukhov length (Obukhov, 1946) :
In the above, β = g/θ0 is the buoyancy parameter (g is the gravity acceleration and θ0 is the reference potential temperature), and κ is the von Kármán constant, customarily retained in the definition of L after Obukhov (1946) . The SLST also stated that single-point statistical moments of the turbulent fields should appear as unique functions of ζ when scaled with an appropriate combination of scales such as u * and θ * .
The original Monin-Obukhov work included consideration of asymptotic regimes. It was noticed that in an absence of wind shear, the average momentum flux and the friction velocity became zero, and consequently the temperature scale (2) turned infinite. Hence, in this special case, dimensional reasoning allowed the profile of the potential temperature θ to be expressed as Monin and Yaglom 1971) . Results similar to (5) (temperature gradient proportional to height in the -4/3 power) were also predicted by an earlier semiempirical mixing length theory by Prandtl (1932) (see, e.g., Monin and Yaglom 1971) . On the other hand, the logarithmic-profile law of the wall required that in the neutral equilibrium, the dimensionless gradient of wind speed U,
should turn constant (equal to one, by definition of the von Kármán constant), and, by analogy of transfer mechanisms, the dimensionless temperature gradient should also be a constant. Hence, either for small heights or for sufficiently large -L
) introduced the quantity |L| as a height of the layer where the turbulence was of predominantly dynamic origin [this regime was later termed the forced convection, and the layer was called shortly the dynamic sublayer (see e.g. Monin and Yaglom 1971; Brutsaert 1982)] .
Field experiments of the early decades revealed two important facts. First, it appeared that the dynamic sublayer was much shallower (more than by an order of magnitude) than originally expected, and the transition to the predicted free-convection regime was evident from the empirical data at values of |ζ| as small as a few hundredths (see, e.g., Dyer 1967; Monin and Yaglom 1971) . Second, it became also evident that the gradient Richardson number,
was approximately equal to ζ over quite a wide range of stability (see Businger, 1988) . This latter fact, in combination with the above definitions of ζ, Ri, ϕU and ϕθ, indicated that
and, consequently,
Using the above conclusions in a simple mixing length model, Businger found that the dimensionless wind gradient should follow
where γ is a numerical constant; this implied, by the above relationships,
Businger's predictions were soon corroborated by the Kansas data (Businger et al. 1971) , which indicated that within the range ζ∈〈-2, -0.3〉, the nondimensional temperature gradient was proportional to (-ζ) −1/2 rather than to (-ζ) −1/3 , as would otherwise be expected from the asymptotic similarity. Businger (1973a,b) explained this inconsistency by effects of penetration of large convective eddies into the surface layer, which could not be automatically taken into account in typical field experiment situations, within restrictions imposed by the convective timescale and the surface layer variability timescale, in single-point measurements. Businger argued that the convective velocity scale,
proposed originally by Deardorff (1970) (where zi means the mixed layer height), should be used to characterize generation of turbulence by shear associated with random horizontal motions under a convective eddy, and, consequently, there should be a limitation on allowable values of the MoninObukhov length. Field data also indicated that the values of the constant γ in (11) and (12) should be different, that is, two different constants γU and γθ should be used in (11) and (12) instead of a single one. This seems to be somewhat conflicting with the original motivation, but the resulting discrepancies are small.
Another confusing problem, frequently seen as a failure of the SLST, was that under convective conditions, the observed variances of horizontal velocity components, u 2 and v 2 , scaled with the friction velocity, apparently did not depend on z/L, as it was expected from the SLST (Panofsky et al. 1976) . At the same time, other moments such as w 2 or ϑ 2 (averaged in the same manner) displayed a clear dependence on z/L when scaled with u * and θ * .
The so-called Businger-Dyer flux-gradient relationships (also named the "Kansas profiles"), with a few minor differences in numerical constants in their various versions (see, e.g., Businger 1966; Dyer and Hicks 1970; Businger et al. 1971; Businger 1973b) , gained general acceptance. In their integral representation (Paulson 1970) , they soon formed a standard basis of many practical algorithms (e.g., Nickerson and Smiley 1975; Berkowicz and Prahm 1982; Holtslag and van Ulden 1983) . However, the direct use of these relationships (i.e., without any restriction on the value of L or without including w * in the computational algorithm) was imperiled by singularities arising at zero mean wind speed. To illustrate this problem, let us assume that the "asymptotic" profile can be taken with an arbitrary exponent, say, -1/n:
Recalling definitions of L and θ * , this may be rewritten as
from which it follows that for θ * → −∞ and a finite, nonzero gradient, this equation predicts zero heat flux when n > 3, and an infinitely large heat flux when n < 3. A finite, nonzero heat flux can result only when n = 3.
In the early seventies, two major approaches to the explanation of the discrepancies between the observed behavior and the asymptotic SLST predictions were about to emerge. One of these approaches stemmed from the aforementioned Businger's concept of wind gusts caused by convective cells under near-zero vector-averaged wind speed in the ASL. Methods belonging to this group required the introduction of an additional parameter, such as a mixed layer height. The other approach attempted to refine the SLST without extending the set of governing parameters, for example, by directional dimensional analysis (see e.g. Zilitinkevich 1973 , and a historic overview in Kader and Yaglom 1990).
The "wind gustiness" or "minimum friction velocity" (as it was also later called) approach was pursued, by Schumann (1988) , Godfrey and Beljaars (1991) , Sykes et al. (1993 ), Beljaars (1994 ), and Grachev et al. (1997 , among others. Schumann (1988) developed a kinematic model of interactions of large convective eddies with the underlying surface and predicted ( )
for rough flow, consistently with (4) and
for a smooth one, essentially in agreement with experimental evidence (Golitsyn and Grachev 1986) . Here, z t
µ and ν are the kinematic molecular diffusivities of heat and momentum. For a weak wind, the use of the Monin-Obukhov type relationships with u* replaced by a gustiness velocity scale proportional to w*, with the proportionality factor depending on the value of z z t i 0 ratio, was suggested. Sykes et al.
(1993) extended this concept by allowing for changes of the surface layer thickness due to the roughness variation and conducted a series of large eddy simulation (LES) experiments to test the model and to derive parameterizations. Godfrey and Beljaars (1991) and Beljaars (1995) proposed algorithms based on a modification of the Monin-Obukhov theory, combining the conventional friction velocity u* with the gustiness velocity in the definition of the Obukhov length scale L.
Meanwhile, the second approach was also developing. An early attempt to use the directional dimension analysis for the ASL (Bernstein 1966) gave rise to a discussion, from which a more consistent approach emerged. Betchov and Yaglom (1971) , commenting upon another attempt of Zilitinkevich (1971) , introduced a three-sublayer concept of the ASL structure. In a later work, Zilitinkevich (1973) further pursued the directional dimensional analysis ideas by using two length scales, horizontal and vertical, under assumption of weak interactions between shear-and convectively generated turbulence. His arguments supported the idea of the existence of three, not two, distinct turbulence regimes in the ASL; he also proposed that the regime, identified formerly as "free convection" on the observational basis, should actually be termed shear convection, whereas the true asymptotic (shearless) free convection regime should be sought at larger heights. A similar suggestion was also made by Tennekes (1970) , who proposed the name local free convection for this convective turbulent regime with nonzero wind shear and surface stress. Wyngaard (1973) postulated further that the local free convection scales, ( )
which could be constructed from the SLST set of determining quantities (height, buoyancy parameter, fluxes of momentum,
so it can be interpreted as a factor telling us about the relative magnitude of fluctuations under neutral and convective regimes. The three-sublayer structure of the ASL is a rather elusive feature. When the wind speed is not sufficiently small, the requirement z -L of the asymptotic similarity contradicts the surface layer height limitations of 5-10% of the entire boundary layer height, and this impedes detection of the purely free convection regime in the uppermost part. Due to this difficulty, the three-sublayer structure went overlooked throughout initial decades of the ASL field research. Later on, however, new data extending beyond the "Kansas region" of -z/L < 2, arrived. Carl et al. (1973) examined profiles measured at tall (up to 150 m) towers and found that while the dimensionless wind gradient ϕU appeared to be proportional to a -1/4 power of ζ in a certain range of heights (up to -ζ <10); for larger heights, it seemed to follow a -1/3 power (see Fig. 3 in Carl et al. 1973) . Kader and Yaglom (1990) (Garratt et al. 1979) , together with a new dataset from Tsimlyansk (Russia), containing numerous observations made on hot, sunny days under weak wind conditions. Their analysis clearly revealed the existence of three turbulence regimes, forming three distinct sublayers along -z/L coordinate. These sublayers were discernible not only in dimensionless wind and temperature gradients but also in profiles of second-and third-order moments. The dynamic sublayer extended up to -z/L ≈ 0.04; the middle convectivedynamic part, characterized by dimensionless wind profile inclination somewhat less steep than |ζ | -1/3 and temperature profile steeper than |ζ | -1/3 , ranged to -z/L ≈ 2; and the upper part, with a |ζ | -1/3 temperature gradient profile (and, surprisingly, dimensionless wind speed gradient increasing with -ζ), was observed up to -z/L ≈ 25. The Kader-Yaglom interpretation seems to be corroborated by Kondo and Ishida (1997) , who analyzed empirical data extending further toz/L = 447, and observed better agreement with the data in the case of Kader-Yaglom-type temperature profile than in the case of Businger-Dyer-type one in strongly unstable situations. On the other hand, San José et al. (1985) reported a good agreement of their results with Businger-Dyer type relationships for -z/L ranging up to 8.
The three-layer concept was then further considered in the directional dimensional analysis framework by Zilitinkevich (1994) , who summarized and systematized scaling systems for the ASL as well as for the entire convective boundary layer (CBL). With regard to the surface layer, he proposed terms mechanical turbulence layer, alternative turbulence layer, and free convection layer for these three sublayers. Indeed, given the confusing history of the unstable ASL research and the variety of the terminology, these issues require some attention.
Further, a hybrid of the three-sublayer concept and the minimum friction velocity idea appears to emerge from a recent work of Grachev et al. (1997) , who considered threesublayer local profiles, developing under convective eddies and arrived at an improved gustiness-type formulation.
Two other works deserve to be mentioned in the context of recent unstable ASL parameterization developments. Stull (1994) proposed another scaling approach based on the assumption that the transfer mechanisms in the viscous sublayer and the surface layer were fast enough to form a "surface layer reservoir" so that, therefore, the micro-layer (viscosity scale) and surface layer processes could be ignored. His parameterization relied on the temperature difference and on the mixed layer height but did not explicitly include the influence of the surface roughness. For a dry atmosphere, Stull's result can be written as ( )
where the temperature difference is taken between the ground surface (skin temperature) and the mixed layer interior. For a discussion on relationships between Stull's "convective transfer theory", the gustiness approach and the MoninObukhov similarity, the reader can be referred to Fairall et al. (1996 ), Sorbjan (1997 ), and Stull (1997 . Another recent idea is a "radix layer" by Santoso and Stull (1998) ; this however extends to larger heights relative to the CBL height than the usual 10% of the ASL, and perhaps this deserves a separate treatment.
In the present study, a different approach is taken. Instead of using similarity and scaling arguments, this work explores utilization of turbulence closure models (TCM) to derive bulk surface-layer transfer relationships. The paper demonstrates that the continuous transition to the purely free convection regime can be deduced from simplified TCMs in agreement with the generalized SLST predictions; it then shows how a "free convection-safe" computational algorithm can be built using the model as a rudiment. In this aspect, the present work extends the formerly proposed (¯obocki 1993, hereafter L¯93) methodology of deriving integral ("bulk") surface layer relationships from TCMs to include the asymptotic free convection case and the continuous transition to it. The main idea of this extension is to complement the traditional approach based on calculating profile departure from the adiabatic (neutral equilibrium) state, as is conventionally done in algorithms based on empirical SLST functions (Paulson 1970) , and also in L¯93, with an analogous treatment focusing on analysis of the departures of profiles from their theoretical free convection behavior.
Although considerable effort (section 5) is spent on deriving fast approximations of the results of numerical analysis of the two popular models chosen as examples for this study, these particular forms should not obscure the main goals of this work, which are as follows 1) To show the formalism of deriving the free convection-safe surface flux calculation algorithms from turbulence closure models; such algorithms may be then used in a self-consistent manner in numerical models along with the original turbulence parameterization scheme applied to the outer region of the boundary layer; (26) An algebraic reduction of the model equations yields the specific form of relationships (24); these can be either explicitly given functions or nonlinear equations that can be solved, at least numerically. Therefore, (25) and (26) can be used to calculate wind and temperature differences between two arbitrary levels within the ASL, z1 and z2, when the fluxes of momentum and heat are known. An inverse problem -calculation of fluxes from these differences -can be solved as a set of integral equations, at least using approximate
methods; thus, fluxes are determined from differences of wind and temperature, like in the profile method. This general approach can be highly time consuming, as it involves iterative solving a set of nonlinear equations containing numerically calculated integrals, with integrands calculated within another (inner) iteration loop. However, we would like to point out its two distinct advantages over the conventional, SLST-based profile method:
• unless E, ² , Su and Sθ are zero or infinitely large at
the integral¦µ the right-hand side of (26) is not singular (we will show later that this is true for all the models considered here). Therefore, we can obtain the solution of (26) in the purely free-convection case, and of (25) and (26) in any convective case, no matter how small is the mean wind velocity difference.
• while solving (25) and (26) , etc., which may be helpful in expressing (24). This may invite singularities, either in neutral equilibrium or in purely free convection. However, it does not imply that the equation system (24)- (26) becomes generically singular. As the Monin-Obukhov length L is used as a computational rather than a scaling quantity, there is no validity restriction at L → 0, as is the case for SLST, in consequence of violating the requirement |L| ¶ z t 0 . On the other hand, when evaluating the results presented below, one has to bear in mind the question of suitability of modeling hypotheses to various surface layer regimes. Therefore, caution is recommended when using the model results presented in the following sections.
a. Turbulent kinetic energy budget, Kolmogorov hypothesis, and the master-length scale
Models considered here contain a production-dissipation balanced TKE budget equation, with the dissipation term modeled using the Kolmogorov (1941) hypothesis. This budget can be simply written as
In (27), it was assumed that the eddy energy-containing length scale Λ is proportional to the mixing length ¹ (with a proportionality constant cE -1 ) so that a common master length scale is used. In the surface layer, eddy dimensions are limited by a wall proximity, which is simply modeled after Mellor (1973) , using the Prandtl hypothesis
Now, if we neglect any additional stability dependencies that can be included via S u or S θ functions (i.e., taking S u = const. and S θ = const.), we arrive at the simplest closed system sufficient for the determination of all the functions (24), the so-called KEYPS (or O'KEYPS) model
. Following Mellor and Yamada (1982) , we introduce non-dimensional functions
It also follows from (29) and (22) that
A stability parameter, the flux Richardson number,
is convenient for rewriting (31) into two other alternative forms,
Using (3), (33), (22) and (32), the ζ parameter can be expressed as
where the κz ratio has been intentionally retained to facilitate the introduction of models that do not utilize (28) at a later time. Using (28) and combining (36) 
There is a stipulation that at the neutral equilibrium dU dz u z = * κ , and this yields
thus, when Su is assumed constant, we simply obtain
The Monin-Obukhov scaled wind speed gradient ϕ u is related to RF, and by the definitions (3), (6), and (33),
hence solution of (39) provides the functional form of either ϕu(RF) or ϕu(ζ).
Eq. (39) implies that at the free convection limit RF → -∞, |ζ| ~ |RF| 3/4 , and ϕu ~ |RF| -1/4 ~ |ζ|
, while at the neutral equilibrium RF = ζ = 0 and ϕu = 1, and consequently ζ ∝ RF!
TCMs, in general, use more complicated equation systems where the quantities Su and Sθ are not constant. However, one may reasonably anticipate that Su and Sθ should take a finite, nonzero value at the neutral equilibrium and
tend to constant values at the free convection limit; this is the case for the two popular TCMs used in the following sections. Hence, these models should, at least qualitatively, inherit the asymptotic properties of the simple equation system discussed here, following from the Kolmogorov and Prandtl hypotheses.
b. Dynamical and convective scaling
Neither of the two sets of velocity and temperature scales (Monin-Obukhov or local free convection) is solely adequate for all the ASL regimes. The friction velocity u* is useful at the neutral regime but invites singularity at free convection, whereas uf scales the wind profile at free convection and is useless as a scale for neutral stratification. Traditionally, u* was used generally, while the use of uf was exceptional and used only when scaling with u* was becoming singular. However, both the types of scaling are valid for the transitory regime, providing a good perspective for universal functions matching at a certain height, likely of an order of z L ≈ − ¥ Analysis in the following sections employs this idea in a systematic manner. Hereafter, wherever the algebraic manipulations leave the momentum flux or its power in the denominator of fractions, it will be termed "dynamic scaling", as related to scaling with friction velocity. Correspondingly, the term "convective scaling" will mean these derivation paths where the algebraic reduction leads to effects equivalent to dividing by any power of uf.
As an example, let us take (34) and (35) and suppose further that the Su, Gu, Sθ and Gθ functions take finite, nonzero values in the entire domain of interest (neutral to free convection including asymptotic regimes). Equation (34) becomes singular under free convection, and (35) is singular at neutral equilibrium, however, both are valid and nonsingular in the transitory regime. Hence, we term (34) as dynamically scaled and (35) as convectively scaled. At the same time, scaling (either dynamical or convective) helps us in the algebraic simplification of the complex system (25) -(26), so it is desirable to apply despite its drawback.
c. Vertical coordinate transformation
Our basic equation system [(25) - (26) with (24) provided by individual models] is not convenient for numerical integration in its original form, as substitution of the functions (24) into the integrals on rhs of (25)- (26) leads to expressions that vary rapidly at small heights, taking values many orders of magnitude larger than for large and medium heights. Therefore, very small integration steps would be necessary, making the process of iterative solving of (25)- (26) for fluxes prohibitively slow. It became a common practice in 1D atmospheric boundary layer models to use logarithmically distributed grid levels close to the ground surface (Taylor and Delage 1971) or to introduce an equivalent logarithmic transformation of the vertical coordinate. For analytic integration of empirical flux-gradient relationships, Panofsky's (1963) decomposition is usually employed (e.g., Paulson 1970):
and
thereby describing the profiles in terms of diabatic departure from the basic logarithmic distribution. This idea was adopted and modified in LÏ 93 to use the dynamic Richardson number as the integration variable. This allowed us to circumvent the iterative computations otherwise needed to obtain the quantities under the integral. Under free convection, it directly follows from (27) that the TKE grows proportionally to z 2/3
, and therefore, the height appears in the integrand in (26) in a -4/3 power, not in a power of -1. Therefore, for circumventing singularities at small z, a "convective" 
At purely free convection L and u* turn zero, and the temperature scale θ* becomes ill-defined; hence (41) and (42) can no longer be used. For transitory convective regime, when z1 < |L| < z2, in view of our former arguments, it now seems natural to propose that the surface layer profiles are calculated as
(46) This will help to achieve even distribution of constituents, optimal for numerical calculation.
Turbulence closure models
In the preceding section, we have already used the TKE budget equation along with Kolmogorov and Prandtl hypotheses; this simple model will now be complemented by two other popular second-order closure models: the MellorYamada Level 2 model (Mellor and Yamada 1974, 1982 ) and a modified version of the Deardorff (1973) closure system as simplified by Schemm and Lipps (1976) . The Mellor-Yamada scheme is perhaps the most widespread turbulence parameterization used in boundary layer, mesoscale, and weather prediction modeling, while the Deardorff scheme in several variations serves as a subgrid transport parameterization in nonhydrostatic models, designed for large eddy simulation.
This section starts with a brief introductory comparison of the two models and continues by rewriting the models into nondimensional variables using both the dynamical and convective scalings. Finally, we introduce a modification of the Deardorff model that we found necessary to achieve reasonable prediction of the surface layer behavior.
Both the Mellor-Yamada and Deardorff models stem from similar closure assumptions: the Kolmogorov hypothesis used for modeling the dissipative terms, a simple downgradient diffusional transport formulation used for third moments, and the Rotta redistribution hypothesis used for pressure terms (with shear effects retained in the rapid part); the model coefficients are different, however. The resulting equation sets are then subject to scale analysis based on measures of the degree of anisotropy (Mellor and Yamada 1974; Schemm and Lipps 1976) ; the resulting Mellor-Yamada Level 2 model has a few more terms retained (and is more complicated) than the superequilibrium version of the Deardorff/Schemm-Lipps model, which is still a little bit more complex than the Mellor-Yamada Level 1 model (not analyzed here). In the following, we retain only those model equations, that are inevitable for the subsequent derivation; we also apply the superequlilibrium (production-dissipation balance for all second moments) and the surface layer approximations (steady-state, horizontal homogeneity, neglecting of flux divergences). For the complete equation sets, the reader is referred to original papers.
a. Mellor-Yamada Level 2 model
The model equation set reads (Mellor and Yamada 1974, 1982) :
and reduces to 
is an auxiliary stability parameter which helps to avoid singularity (is equal to -1 in free convection, and to 0 in neutral stratification). In the above equation system, A1, A2, B1, B2, and C1 are dimensionless model constants, which enter hypotheses regarding proportionality of all the length scales. The master length scale, ù , still remains to be specified to close the equation set.
Mellor (1973) demonstrated that this model achieved good performance in the surface layer with the Prandtl hypothesis (28) used to account for the wall proximity. In this study, values of model constants (A1, A2, B1, B2, C1) were adopted as (0.69, 0.57, 16.6, 7.9, 0.061) following Lú 93, with a slight further modification to yield ϕU (ζ = 0) = 0.92 according to Kader-Yaglom (1990) results. The original set (A1, A2, B1, B2, C1) = (0.92, 0.74, 16.6, 10.1, 0.08), after Mellor and Yamada (1982) , was also tried, but the resulting values of the heat flux were exaggerated by a few tens of percent.
To complete the specification of (24), we still need to derive the TKE distribution. Using the TKE budget equation (52) in a form (34) (dynamical scaling) and recalling (32), we obtain
while starting with the form (35) (convective scaling) and using (30), we arrive at
The relationship between the Richardson number and the Monin-Obukhov height is also useful. A version of (37) suitable here is 
which can also be used at free convection by using reciprocals on both sides. The model is now brought to the form ready for use within the framework given by (25)- (26) and (45)- (46).
b. Deardorff / Schemm-Lipps model
The scale analysis of the Deardorff (1973) model by Schemm and Lipps (1976) , with further simplifications resulting from the superequilibrium approximation and the surface layer assumptions, yields 
As in the previous case, these equations can be reduced to 
in dynamical scaling, and
in the convective one. In (67),
Equations (68) and (40) allow the calculation of the dimensionless gradient of the wind speed as a function of the Monin-Obukhov parameter. Hence, using (64) and (65), we can express the dimensionless temperature gradient as
We carried out these calculations with model constants cm = cs = 4.9, cE = 0.43, and cθ =0.72, as originally proposed by Deardorff (1973) and the Prandtl mixing length (28) taken as the master length scale. The results are displayed in Fig.  1a . It can be seen that there are three major faults: the ϕ u (ζ) function rises much too slowly on the stable side, the values of both the ϕ (ζ) functions are generally much too high (at neutral conditions, they should be around 1), and the ratio of ϕu(ζ) to ϕθ(ζ) is much too high. To correct these deficiencies, we take two simple countermeasures: the inclusion of a correctional factor into the specification of master length scale, along with the introduction of its dependence on stability, as 
where RFc is the critical value of the flux Richardson number (taken crudely as 0.2), and the change of the value of c s to 9.8. These changes substantially improve the prediction of ϕ (ζ) functions (Fig. 1b) . Apart from the above modifications, we refrain from making any further model calibration, as this would outreach the scope of this study. The corrected relationships take the forms of 
Again, the equation set is now conveniently formulated for use with (25)- (26) and (45).
Sample results and discussion
Both models discussed in the previous section yield the relationships (24) needed to close the equation set (25)- (26). Before discussing the results, a summary of the equation system and a presentation of the solution procedure would be helpful.
According to the discussion in section 2a, up to three sublayers can exist within the unstable atmospheric surface layer: the dynamic sublayer, the transitional layer, and the free convection layer. Traditional algorithms have described the surface layer behavior in terms of departure from the logarithmic profile (characteristic to the dynamic sublayer) and are therefore suitable for application to the two lower sublayers. We complement this calculus with a method based on the description of the departure from the asymptotic freeconvection state, capable of dealing with the transitional and the free-convection sublayers. This is explicated by the decomposition (45) applied to integrals on the rhs of (25)-(26). However, two special cases are treated separately:
• When |L| > z2, the free-convection layer (if existant) begins above the upper computational level, and the entire integration extent lies within the dynamic sublayer and the transitional layer. This is a common situation where the traditional approach is fully applicable. In terms of (45)- (46), only the first integral (taken up to z2, not to |L| ) is retained.
• When |L| > z1, the dynamic sublayer is not present or lies entirely below the lower computational level, z1. This situation is covered entirely by the proposed extension, corresponding to the second integral in (45) and (46). The equation system now consists of (25)- (26), [where the integrals on the rhs are split according to (45) and (46)], of the definitions (3) and (19), and of the expressions/equations (24) obtained from individual models for both the dynamic and convective scaling (and used in the first and in the second integral in the rhs of (45)-(46), correspondingly). These are summarized in Table 1 . The system is solved iteratively. Starting with a first-guess value of fluxes, principal stability parameters (either the MoninObukhov length or its reciprocal), are calculated; then, integrals in (45)-(46) are computed numerically using the Simpson trapezoid method, with substitutions (43) and (44). Functions (24), used in the integrals, depend on RF and/or on Γ; these are obtained by solving (68) with (56) or (71)
-(72).
This, in turn, requires another (inner) iteration loop executed 
at every step of the integration. Finally, when the integrals in (45)-(46) are available, we calculate fluxes and then the new value of the Monin-Obukhov height is obtained from (3). The iterations continue until a stipulated relative accuracy is reached; here, we used the value of 10 -5 as the criterion. To demonstrate sample results, we have carried out the computations for an array of ∆U and ∆θ values, ranging from 0 to 5 m s -1 and from -20 to 0 K, correspondingly. Wind and temperature differences were specified between two fixed heights, z1 = 0.01 m and z2 = 10 m. Despite its small value, z1 is not necessarily meant to represent neither the aerodynamic nor thermal roughness, rather, it is treated just as a computational level. The intention is to focus on the transport mechanisms apart from the surface, thereby separating the discussion from the interfacial transport issues. The results are displayed in Figs. 2 and 3 as contour plots showing kinematic flux values as functions of two external parameters, ∆U and ∆θ. Results for both models are qualitatively similar; a remarkable feature is a minimum in heat flux distribution in constant temperature difference cross sections. This means that if a constant temperature difference was externally maintained between the computational levels, the heat flux would initially decrease with growing wind speed reaching a certain minimal value.
Model results, Figs. 2 and 3, can be verified by comparison with similar plots (Fig. 4) , obtained from recent empirical flux-gradient relationships proposed by Kader and Perepelkin (1989) and Kader and Yaglom (1990) . These plots were obtained by numerical integration of dimensionless wind speed and temperature gradients, . .
It was however necessary to restrict the ϕu(ζ)
12. 
The heat flux predicted by the Mellor-Yamada model agrees almost perfectly with the Kader-Perepelkin results in the region of moderate instability. The area of the minimum is shifted toward lower wind speeds in case of the model; this results in up to 15% difference in heat flux value in the region 1-1.5 m s -1 of wind speed difference. Larger differences, ranging to 25%, can be found in wind speeds around 0.5 m s -1
. The momentum flux distribution shows rather large discrepancies in strongly unstable regions; this appears to be a deficiency of the model (see also Mellor 1973, Fig. 1 ). However, one may notice that the location of this minimum on both plots corresponds to the z2 /L = -50 contour (dashed), hence the discrepancies in heat flux seem to be a sole result of differences in momentum flux distribution (compare Figs. 3b and 4b ).
In the case of the second model (Deardorff/SchemmLipps), the heat flux appears to be exagerrated by some 50%. It is possible that a better agreement can be reached by model tuning; however, these changes should be considered in a wider context of the subgrid parameterization schemes used in LES modeling.
At a first glance, the minimum in constant temperature difference cross sections may seem surprising and counterintuitive. However, it should be remembered that this is not a feature of single-point relationships (which have monotonic character); rather, it regards the integral properties of the ASL and reflects the entire three-sublayer shape of the temperature profile. We can get an insight into this problem by considering idealized regimes in the individual sublayers. In the dynamic sublayer, wind speed and temperature gradients are approximately logarithmic so that
where the difference ∆ is taken between z1 and z2; hence, contour lines of wϑ in the (∆U, ∆θ) coordinate frame must be hyperbolic. On the other hand, considering the asymptotic free convection regime we see from (15) (taking n = 3), the kinematic heat flux does not depend on the vertical difference of wind speed, so that the contour lines of wϑ
recently revisited by Delage and Girard (1992) , results in a monotonic transition (Fig. 5b) . However, both the KaderPerepelkin and the Mellor-Yamada universal gradients ϕX(ζ) in some part of the middle (transitional) sublayer have larger inclination. In the solution of the Mellor-Yamada model (Fig.  6b) , one can locate a section where these gradients appear to be proportional to the -1/2 power of z/L in accordance with the Kansas temperature profile. Recalling (15) again, one may find that the "pure" (not gustiness-corrected)
Businger-Dyer flux-gradient relationships (n = 2) imply infinite values of heat flux when U → 0 (see Fig. 5a) ; hence, such a minimum must exist given the above-discussed behavior of the heat flux in the dynamic turbulence regime. Now, if we consider ASL profiles in a sufficiently wide range of stability, implying presence of the three sublayers, it seems natural to expect that features characteristic to these three regimes would show up in the bulk relationships.
Finally, one may wonder why the Mellor-Yamada model, in spite of rather drastic simplifications introduced in our application to the ASL (such as neglecting the vertical transfer of second moments, simplistic length scale and high degree of isotropy), turns out successful in depicting all the three turbulence regimes in the ASL. Figure 6a displays the Ri(ζ) relationship as a solution of (59) with (8); a dynamical turbulence regime with Ri almost exactly proportional to ζ, can be distinguished at -ζ < 0.05; free-convection regime B w z κβ ϑ Table 3 . Asymptotic behavior of functions (24) 
with -Ri ∝ (-ζ) -4/3 begins at -ζ ≈ 1, and a transitory regime is present at heights corresponding to -ζ ∈ (0.05, 1). One may also notice that the Ri(ζ) curve in a part this region is steeper then -Ri ∝ (-ζ)
, perhaps, a -3/2 exponent would be more appropriate. Overall, the Ri(ζ) relationship compares well with the empirical material [see Figs. 1-3 in Businger (1988) ]. In fig. 6b , ϕ ζ ≈ const. in the dynamic sublayer
-1/3 in the free convection sublayer (-ζ > 1), and in the transition zone the inclination of the ϕ 
and the pressure redistribution (second term), which can be calculated as 
where the dimensionless energy E/u* and the nondimensional wind speed gradient ϕ±
ζ ≈ 1, the redistribution changes sign and begins to be a source of u
A comment on the two approaches, the "three-layer", and the "gustiness" one, is also due. It seems that the gustiness approach is necessary when using empirical flux-gradient relationships established in situations where the low- 
se of a three-sublayer local ASL profile structure under a convective eddy, such as in Grachev et al. (1997) , seems safe and probably does not require another, "nested" gustiness correction applied to local profiles.
.
Approximations for practical use
The direct numerical integration scheme used in the previous sections to solve (for the unknown fluxes) the equation set (25), (26), (3) with relationships (24) provided by a given turbulence closure model is much too expensive for any imaginable practical use. In this section, we reformulate the method in order to reduce the dimensionality of the problem, and to fit approximations that may replace numerical integration inside the surface layer area within a boundary layer or a larger scale model.
Although the form of relationship (24) has been already derived for individual turbulence models, it is convenient to start further derivations with analysis of the asymptotic properties of (24) at neutral equilibrium and at the free convection limit. The results are listed in Tables 2 and 3. Relationships (45) (83) - (86) are marked with solid lines.
, a simpler form of (79)- (80) is used. In this case, the equation set contains integrals IXd only [however, taken up to z2, not to -L, as in (79)- (80)]. The equation set decouples, providing explicit formulae for calculating u* and θ*, and the representation (41) facilitates approximations fitting. This is the most common case, where the traditional approach, the profile method, is suitable. For the derivation of the necessary universal functions, we follow closely L°93. However, as the diabatic departures ΨX are needed to be specified in a narrower range extending to z2 > -1 only, we were able to find a more accurate representation of them ( Fig. 7a): ( ) 
2) In the purely free-convection regime with ∆U = 0 and 
for the modified Deardorff / Schemm-Lipps model.
3) In the strongly convective regime (a transition to free convection), with z1 <
µ ¶ ·¸
, the full form of (79)-(80) would have to be solved, which is a nonlinear system of two equations with two unknowns. However, recalling the definition of the Monin-Obukhov length (3) and substituting the heat flux into (79), we simply get
while a similar treatment of (80) 
Also, in this special case, it is worth noting that calculation of IXd integrals with (3) requires values of diabatic corrections ΨX to be given only at a single point z/L = -1 instead of the entire allowable range of z/L. In the two last cases, calculation of IXc is necessary; from (81) and (82), it may be deduced that IXc are functions of two variables, L and z2. The aforementioned dimensionality of the IXc functions leads us to deduce their possible form:
Results displayed in Fig. 8 
are suitable for approximation of the numerical solutions with surprising accuracy. For large values of (-ζ), the fraction in the rhs tends to one. Hence, comparison with (87) and (88) 
for the Mellor-Yamada and the modified Deardorff/Schemm-Lipps models, correspondingly. As the S u and S θ take finite values at free convection (see Tables 2  and 3 ), one may infer from the definitions (81) and (82) 
Comparison of the above approximations with the numerical solutions shows perfect qualitative agreement, with a small relative departure of an order of 1% (Fig. 8). 4) In the case of the nearly free-convection situations when -L / z 1, the dynamic scaling is inapplicable, and only integrals I Xc (taken this time from z 1, not from -L) remain in (89)-(90). Hence, u * is eliminated from (90), which then provides the heat flux explicitly, and the residual u * may be then determined from (89). The integrals I Xc in (89)- (90) have to be replaced with 
where the IXc functions are determined as in case 3, that is, by (92) with (93)- (96).
Equations (79)- (80), together with the definition of the Monin-Obukhov length scale (3) and functions IXx given by (83)- (97) for the individual parts of the L range, form a nonlinear system of three equations and three unknowns (fluxes and L) that may be solved numerically, for example, by Newton-Raphson iterations. A comparison of the results with the "exact" method of section 4 is displayed in Fig. 9 . At the cost of a small relative error, the approximate method takes about a second on a 233-MHz Intel Pentium II machine for the 50×60 array used to produce Fig. 9 , while the "exact" method of section 4 (with 1000 subdivisions for calculating each integral) takes more than an hour.
6. Generalization for the CBL; evaluation of nonlocal influences in the surface layer
An interesting perspective of the issue of the convective boundary layer parameterization can be gained by generalizing the results obtained earlier to the case of nonpenetrative convection in a horizontally homogeneous atmospheric boundary layer in absence of mean wind. For this purpose, it is sufficient to focus on qualitative aspects and take seemingly crude assumptions, such as 1) the vertical turbulent heat flux diminishes linearly with height, reaching the zero value at the CBL top height zi, that is
where Z z z i = , and (99) 2) that the master-length scale at the upper part of the CBL is proportional to zi (Yamada 1979) so that the length scale specification can be written as
where η is a dimensionless constant. Also, we shall consider only the Mellor-Yamada Level 2 model in this section. The TKE distribution (58) in the free convection limit should be now generalized to account for (100), that is ( )
Now let us substitute (98)- (101) into (23) using the free convection Sθ function limit (Table 2) . After rearranging terms, we obtain 
Integration of Eq. (102) over the (z0t, 1) interval will then provide the desired bulk relationships for the CBL. The function
is plotted in Fig. 10 . We can broadly distinguish three sections: a narrow peak at the z0t = zi neighborhood, a plateau in the middle part of the CBL, and a rapid decrease to zero at the CBL top. Hence, the integral may be considered as consisting of two parts, the surface layer part covering the first section (say, to Z = 0.1) and the outer layer part extending from 0.1 to 1:
From (103) 
With z0t/zi sufficiently small, the value at the upper boundary is much smaller than at the lower one, and the integral Ia can be treated as proportional to (z0 t /z i )
. Hence, recalling the w* definition (13), (102) 
One may also notice that this conclusion results mostly from a Blackadar-type length-scale hypothesis adopted here, as the particularities of the turbulence closure model involve the proportionality constant in (107) rather than the shape of the ξ(Ζ) function (103). However, considerable uncertainty regards the value of the z0t parameter used here as a property of the free-convection temperature profile. The conventionally used thermal roughness parameter is defined by extrapolation of the dynamic sublayer part of temperature profile (logarithmic) and may, in fact, have quite a different value.
Summary and conclusions
In the present work, we have put two turbulence closure models into the surface-layer approximation framework; this has led us to a general set of integral equations relating surface fluxes to vertical differences of wind speed and potential temperature. Special attention has been paid to the treatment of the asymptotic free-convection regime and to the continuous transition to it, resulting in 1) proposing a new coordinate transformation for numerical computations in nearfree convection regimes, 2) circumventing singularity by appropriate scaling and derivation process, 3) suggesting a new overall logic of the computational procedure (section 5). The latter recognizes the three-sublayer structure of the ASL, as recognized empirically in the last decade and also predicted by TCMs used here, and can be seen as a generalization of the conventional profile method.
Results of numerical computations discussed in section 4 were used to derive universal functions defined within the dimensional analysis framework in section 5. These functions enter the proposed generalized equation set; approximating forms have been fit to provide means for fast computation without considerable accuracy losses. Within the context of numerical atmospheric models, the proposed method may be seen as an effective technique of solving the vertical transfer equations in the surface layer, governed by a common, self-consistent turbulence parameterization. As such, it generalizes Lú 93 to include the free-convection regime.
Analysis of the results suggests a few interesting implications. The Mellor-Yamada Level 2 model is shown to be capable of reflecting the three-sublayer structure of the ASL in accordance with the postulates of asymptotic similarity (e.g., Zilitinkevich 1973) and also with more recent empirical data on the ASL temperature profile (Kader and Yaglom 1990) . The temperature profile in the middle part (in the mixed convective-dynamic regime) also seems to agree with the Kansas data (Businger et al. 1971 ) which showed steeper inclination of the dimensionless temperature gradient than the one predicted by asymptotic similarity.
A simple attempt of generalizing the results to the entire convective boundary layer by allowing flux variations with height yields an equation comprising two scaling approaches. Crude estimation procedure shows that if the thermal roughness is sufficiently smaller (say, by six orders of magnitude or more) than the CBL height, the influence of the CBL height on the ASL is much smaller than the role of the thermal roughness, which then appears crucial.
Although the agreement between the model solution and the recent empirical universal functions, extending to much stronger instabilities than these investigated during the "Kansas era", may appear impressive, it should be kept in mind that the empirical data from the extreme free-convection regime remain sparse and do not provide sufficient verification in the extreme part of the parameter space, beyond ζ ≈ -50. presentation of a specialized computation method, has been significantly extended in response to comments from the anonymous reviewers to include comparisons with experimental knowledge and discussion of the model results. The author wishes to express his gratitude for these suggestions.
To facilitate the use of the algorithm presented here, a source code of the flux calculation routine is be made available from the author, either on request or via a Web site, http://meteo.is.pw.edu.pl.
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